We observe new Feshbach resonances in ultracold mixtures of 85 Rb and 87 Rb atoms in the 85 Rb|2, +2 + 87 Rb|1, +1 and 85 Rb|2, −2 + 87 Rb|1, −1 scattering channels. The positions and properties of the resonances are predicted and characterized using the semi-analytic multichannel quantum-defect theory by Gao. Of particular interest, a number of broad entrance-channel dominated p-wave resonances are identified, implicating exciting opportunities for studying a variety of p-wave interaction dominated physics.
I. INTRODUCTION
Feshbach resonance (FR) is a powerful toolbox in the field of ultracold atoms [1] . It occurs when the energy of two scattering atoms becomes quasi-degenerate with their molecular state in a different spin configuration. Experimentally, one can tune two atoms into a FR by changing magnetic field taking advantage of the differential magnetic dipole moment between the atomic state and the molecular state. Magnetically-induced FRs have found tremendous applications. They have been used, for instance, to control scattering and loss properties of cold atomic gases [1] [2] [3] [4] , to study universal few-body physics such as Efimov states [1, [5] [6] [7] , to create Feshbach or ro-vibrational ground state molecules [8] [9] [10] [11] , and to study BEC-BCS crossover and Fermi gases in the unitarity limit [12] [13] [14] [15] [16] [17] [18] .
Many of the aforementioned applications make use of "broad" s-wave FRs whose properties are dominated by the entrance (open) channel. These resonances acquire the universal behavior demonstrated by a single-channel resonance and therefore are useful for studying universal properties in few-body and many-body atomic systems. There exist a number of "broad" s-wave FRs in ultracold alkali-metal systems, for both intraspecies [19] [20] [21] [22] [23] and interspecies [24] [25] [26] [27] [28] [29] [30] mixtures. However, it is not clear if "broad" FRs also exist for higher partial waves. This is because the criterion for distinguishing "broad" and "narrow" non-s-wave FRs was not established firmly until the multichannel quantum-defect theory (MQDT) is extended to neutral atom with van der Waals interaction [31, 32] . This theory enables a uniform approach to treat FRs in higher partial waves as in the s-wave, it can therefore provide a rigorous definition of "broad" * Present address: JILA, University of Colorado at Boulder, Boulder, CO 80309. † mengkhoon tey@mail.tsinghua.edu.cn ‡ lyou@mail.tsinghua.edu.cn § bo.gao@utoledo.edu
FRs for all partial waves [32] . The first application of this model to the mixture of 6 Li and 40 K [33] found all resonances, both s-wave and higher partial waves, to be closed-channel dominated and therefore are all "narrow" resonances.
In this paper, we apply the semi-analytic MQDT [32, 33] to predict and characterize FRs in different spin and partial-wave channels of the 85 Rb-87 Rb mixtures. We find that this mixture exhibits a rich spectrum of "broad" s-wave and p-wave FRs. The predicted FRs are observed and verified experimentally. In particular, a very broad entrance-channel dominated p-wave resonance we discovered in the lowest energy channel of the system suggests exciting opportunities for investigating universal fewbody and many-body behaviors with strong coupling in nonzero partial waves [34] [35] [36] [37] [38] [39] , including p-wave bosonic superfluid mixture, three-body recombination decay, and formation of p-wave heteronuclear molecules.
II. "BROAD" OR "NARROW"
Besides theoretical curiosity, a main motivation for distinguishing whether a FR is intrinsically "broad" or "narrow" is to determine its usefulness for studying universal properties of strongly interacting few-body and manybody atomic systems at low temperatures. For cold neutral atoms in the ground states, such universal properties arise from the common long-range −1/R 6 type (R being the interatomic separation) attractive van der Waals potential between the atoms, and the fact that the lowtemperature near-threshold scattering wave functions of these systems are predominantly shaped by the longrange potentials [1, 40] . Since collision of real atoms is intrinsically a multichannel process, systems near a FR (which provides the required strong interactions) might or might not exhibit universal behaviors expected for single-channel collisions. This explains the interest in identifying "broad" FRs.
A "broad" FR is technically defined as one that shows universal characteristics of a single-channel collision over arXiv:1610.01739v2 [cond-mat.quant-gas] 8 Dec 2016 a large fraction of its resonance width, where the overall wave function of the colliding atoms is dominated by that from the entrance channel over that from the quasidegenerate closed channel. A nice and detailed discussion about the characteristics of "broad" s-wave FRs can be found in Ref. [1] . Here, we extend the discussion to include higher partial waves from the perspective of the semi-analytic MQDT.
Considering two-atom scattering with only one channel, the physics of the system near the threshold energy is almost independent of the details of the short-range interactions. It can be fully determined by the long-range potential and a quantum-defect parameter which takes in the effect of the short-range interactions. This quantum defect depends weakly on the energy and the partial wave quantum number l of the system under study. For the quantum-defect theory (QDT) based on the analytic solutions to the Schrödinger equation with a −1/R 6 potential [31, 32, 41] , the near-threshold physics of the system can be studied most efficiently by replacing the real molecular potential by a pure −
potential which is cut off by a sharp infinite repulsive wall at R W at a sufficiently small R (see Fig. 1 for illustration). Here, the
term represents the centrifugal barrier of the l-th partial wave and C 6 is the actual van der Waals interaction coefficient for the system. The infinite wall sets the boundary conditions and defines the relative phase between the incoming and outgoing wave functions at small R, effectively replacing the short-range potential. In QDT, its effect is represented by the shortrange K matrix (K c ) or its equivalent -the quantum defect µ c [42] [43] [44] [45] . For a real atomic system with many scattering channels, if the collision energy lies between the ground channel and the threshold for the first higher energy channel, the scattering problem can be reduced to a single-channel using an effective short-range K c eff matrix which takes into account the influence of all channels [31, 32, 46, 47] . In this scenario (MQDT), the equivalent parameter R W ( ) becomes more dependent on the energy (Fig. 1) than the single-channel case. For a "broad" FR, the energy dependence of K c eff or R W ( ) should exert insignificant influence on the properties of the system (as a function of ) that are determined by the long-range van der Waals interaction only.
III. PREDICTING AND CHARACTERIZING FESHBACH RESONANCES OF ALL PARTIAL WAVES
We use the semi-analytic MQDT [32, 33] to predict and characterize the FRs for various partial waves in the 85 Rb-87 Rb mixture. The model we adopt for the current study leaves out the weak magnetic dipole-dipole [48, 49] as well as the second-order electronic spin-orbit interactions [50] [51] [52] , therefore it only predicts FRs due to couplings between atomic and molecular states of the potential [32] . The real molecular potentials are replaced by a single pure −
potential (extended from the real long-range potential) cut off by a sharp infinite repulsive wall (dashed line) at RW which accounts for the multichannel effect from short ranges. The effective "quantum defect" RW ( ) depends sensitively on the scattering energy for a "narrow" FR.
same partial wave. These FRs are typically broader and thus easier to observe. To set the benchmark for future investigations, we limit ourselves to the baseline MQDT results that ignore the weak energy and partialwave dependence of the quantum defects, i.e., we adopt the approximations of [32] for the singletand triplet-state short-range K matrices, respectively. In this baseline description, all aspects of cold atomic interaction, including parameters for all magnetic FRs in all partial waves, are determined from three parameters [31, 53] : the C 6 coefficient, the singlet s-wave scattering length a S l=0 , and the triplet s-wave scattering length a T l=0 , apart from the well-known atomic parameters such as the atomic mass and hyperfine splitting.
The three parameters we adopt for this study are C 6 = 4710 a.u., a S l=0 = 11.37 a.u., and a T l=0 = 184.0 a.u. The C 6 coefficient and the singlet s-wave scattering length are taken unaltered from Ref. [54] , while the triplet s-wave scattering length is adjusted from the value of 201.0 in Ref. [54] to 184.0 a.u. such that it agrees better with experimental s-wave FR positions reported in Ref. [24] . The above scattering lengths we adopt correspond to quantum defects of µ [31, 45] , from which the K c matrix in a magnetic field is constructed, and predictions and characterizations of FRs are carried out as discussed in Ref. [33] .
According to the formulation and discussions in Ref. [32] , around each resonance located at B 0l , especially an isolated resonance, the dependence of the generalized scattering length on the magnetic field can be parameterized for all partial waves bỹ
similar to the usual form for the s-wave FRs [1] . Here, a bgl (of dimension L 2l+1 ) is the generalized background scattering length for the l-th partial wave [55] and |∆ Bl | denotes the distance from the FR position to the nearest zero-ã l position. These parameters, B 0l ,ã bgl and ∆ Bl , together with δµ l (the differential magnetic moment between the molecular state and the atomic state) [1, 32] and the C 6 coefficient, form a set of parameters that provides a complete description of atomic interaction around a magnetic FR. They constitute the most direct generalization of the s-wave description [1, 48, 56 ] to higher partial waves. They are easily adapted and highly efficient for treating FR at zero energy (the threshold).
A derived parameter which distinguishes a "broad" resonance (|ζ res | 1) that follows single-channel universal behaviors from a "narrow" resonance (|ζ res | 1) that violates such a behavior is given by [32] 
When l = 0, the parameter ζ res reduces to the s-wave dimensionless resonance strength parameter s res previously introduced [1] except for a factor of 3. In Eq. (2), is the mean scattering length for the l-th partial wave, with [32] 
IV. EXPERIMENT Figure 2 illustrates the essential elements of our experimental setup. 87 Rb at ∼2 µK is shown as a function of magnetic field. Every data point is averaged over 5 runs. Error bars denoting typical standard deviations are shown at specific magnetic fields for illustrative purposes. We fit the data using a multi-peak Gaussian profile to get the eye-guiding line (red solid line). Bottom panel: The s-wave (blue solid line) and p-wave (red dashed line) RGSL,ã l (B)/ā l , computed using the semi-analytic MQDT.
ends up with approximately 1.5 × 10 6 87 Rb atoms and 5 × 10 5 85 Rb atoms. At this stage, the trapping frequencies are ≈ 2π× (2.5, 376, 374) Hz for 87 Rb atoms. The remaining 85 Rb and 87 Rb atoms are then prepared into the desired spin states (scattering channels). Afterwards, we switch the magnetic field to a certain value in the range of 0-900 G and then hold the mixture for some amount of time to search for the FRs predicted by theory. The presence of FRs results in enhanced atomic scattering and three-body collision loss, and thereby shows up as loss features in the loss spectrum as a function of the magnetic field. We determine the atom numbers of the two isotopes by absorption imaging using a CCD camera working in the fast-kinetic mode. The magnetic field strength is calibrated by measuring the Zeeman splittings of 87 Rb magnetic sublevels which are then compared to the Breit-Rabi formula. The magnetic-field fluctuation in our system is typically about 150 mG, mainly limited by variation in the magnetization of the stainless-steel vacuum chamber in different experimental cycles.
V. RESULTS Figure 3 shows the s-wave and p-wave FRs for the 85 Rb|2, −2 + 87 Rb|1, −1 scattering channel from 200 G to 800 G. The top panel displays the remaining 85 Rb fraction relative to the off-resonant values after co-existing with 87 Rb for typical durations from 400 ms to 1000 ms as a function of magnetic field. The bottom panel shows the predictions of the reduced generalized scattering length (RGSL),ã l (B)/ā l , for both the s-wave (blue solid line) and p-wave (red dashed line) channels from the semianalytic MQDT [32, 33, 55] . It is clear from the theoretical results that the features at B, D, and G correspond to the s-wave FRs, while those at A, C, and F are pwave FRs. The loss at E, which is present even without 87 Rb atoms, is due to an intraspecies FR of 85 Rb itself [23] . Among the resonances observed, A, B, D were reported previously in Ref. [24] , and C was also predicted in Ref. [57] . Figure 4 displays the FRs for the 85 Rb|2, +2 + 87 Rb|1, +1 scattering channel which has not been reported before. After preparing the mixture at ∼2 µK, the 85 Rb and 87 Rb atoms are transferred to the |2, +2 and |1, +1 states, respectively, by rf adiabatic passages [58] . Our model predicts two s-wave and two p-wave FRs for this channel from 0 to 900 G. We find three broader FRs but not the narrowest one predicted at around 701 G. These FRs are labeled by H, I, and J in Fig. 4 . The resonance at K is again due to an intraspecies FR of the 85 Rb atoms [23] . In these measurements, the scanning step size was set at 5 G for most magnetic field range as most of the FRs we are interested in are quite broad. As a result, the measurements could miss narrower FRs such as those theoretically predicted for the d or even higher partial waves, those due to coupling between atomic and molecular channels of different partial waves, and those caused by 87 Rb or 85 Rb intraspecies scattering [23, 59] . These not observed narrow FRs are not the intended targets for the current study.
We identify the p-wave resonances not only by their proximity to our theoretical predictions, but also by their asymmetric line shapes and more definitely by their distinctive doublet structures [57] which can be observed when their loss-feature widths become smaller than their doublet splitting at sufficiently low temperatures. Fig. 5 shows a distinctive change in the line shape of the broadest p-wave FR (J in Fig. 4 ) when the temperature of the mixture is lowered from ∼2 µK (red diamonds) to ∼400 nK (black circles). As the collision energy gets nearer to the channel's threshold, the loss feature becomes narrower and its 'threshold' edge becomes steeper. These observed features are in agreement with the expectations for a high partial wave resonance [57] . Fig. 6 shows the doublet structure of the same p-wave resonance observed at a temperature of ∼260 nK. Here, an extra 1064-nm light beam with a 1/e 2 waist of ∼120 µm was added to form a crossed optical dipole trap in order to enhance the collision rate. We have observed the doublet structures of all p-wave FRs reported here except for the narrowest one at 669.0(2) G. Nevertheless, we can confirm that this FR is non-s-wave since its loss feature disappears at sufficiently low temperatures.
The experimentally measured positions and widths of the FR loss features are tabulated in Table I , together with the theoretical predictions for the relevant resonance parameters, namely B 0l ,ã bgl , ∆ Bl , δµ l and ζ res . The resonance centers and full-width-at-half-maximum (FWHM) of all s-wave loss features are obtained using represent the loss-feature fitting uncertainties. For fitting uncertainties smaller than 0.2 G, they are set to 0.2 G to reflect the amplitude of magnetic field fluctuation in our experimental setup. The only quantity in Table I that is directly comparable between theory and experiment is the resonance position, for which the agreements are within a few percent. They are better for the 85 Rb|2, −2 + 87 Rb|1, −1 channel because we had Fig. 4) . The loss feature narrows, and its leftedge becomes steeper as the temperature of the mixture is lowered from ∼2 µK (red diamonds) to ∼400 nK (black circles). The solid lines represent the fits to the data using asymmetric double sigmoid function to account for the asymmetric line shapes.
adopted the best fitted a T l=0 according to previous measurements in this channel.
VI. DISCUSSION
From Table I , we note certain discrepancies between the predictions and the measured results of the FR positions. These discrepancies are generally larger than those offered by numerical coupled-channel calculations facilitated with full knowledge of the relevant molecular potentials [23, 26, [28] [29] [30] 60] . They arise from the fact that the MQDT we adopt employs the analytic solutions for an ideal long-range −1/R 6 potential, while the contributions of the long-range −1/R 8 and −1/R 10 need to be included for interatomic separations shorter than ∼ 0.3β 6 (about 2.5 nm for Rb atoms). These discrepancies should be smaller if the energy-and partial-wave-dependent corrections to the quantum defects are considered. One of the advantages of the semi-analytic MQDT is that it does not require full knowledge of the molecular potentials, but only the C 6 coefficient, and the singlet and triplet swave scattering lengths, all of which can be determined with the measurement of a few FR positions. More importantly, the semi-analytic nature of the theory makes it more efficient and reliable for predicting non-s-wave FRs, particularly narrow resonances, since our approach is immune to errors that can plague numerical calculations when handling the classically forbidden regime in the centrifugal barriers.
VII. CONCLUSION AND OUTLOOK
In conclusion, our theory and experiment have combined to verify the existence of broad Feshbach resonances in nonzero partial waves for a 85 Rb and 87 Rb mixture. In particular, our results show that the previously observed p-wave resonance at 257.2(2) G in the 85 Rb|2, −2 + 87 Rb|1, −1 channel [24] is an entrancechannel dominated broad resonance with |ζ res | ≈ 86. Within the same channel, we observe two new broad p-wave resonances at 318.1(2) G and 599.3(2) G, with |ζ res | ≈ 55 and 9, respectively.
In the 85 Rb|2, +2 + 87 Rb|1, +1 channel, an even broader pwave resonance at 823.3(7) G with |ζ res | ≈ 559 is discovered. The existence of such resonances opens up new possibilities for investigating universal few-body and manybody behaviors in a bosonic atom mixture with strong coupling in nonzero partial waves. As a matter of fact, our trap loss measurement is already a "measure" of the three-body recombination. Even without carrying out further experiments to extract the rates explicitly, we can already expect certain qualitative features, such as the asymmetric line shape, to persist. And such a conclusion would already has a physics meaning implying that three-body recombination at ultracold temperatures is dominated by the indirect process (successive pairwise interaction via resonance) [61, 62] if there exists a p res-onance within k B T above the threshold [63] .
The remaining discrepancies between theory and experiment, as seen in Table I , and the splitting, shown in Fig. 6 , provide motivation for better theories of atomic interactions. The differences between theoretical and experimental resonance positions are due to the energy and the partial wave dependences of the short range QDT parameters that are not included in the present calculation. While it is possible to incorporate such variations by fitting to the experimental data, doing so would require more parameters than the absolute minimum, and would further sacrifice valuable physical information. We believe that all relevant variations are due to the −C 8 /R
